Abstract. Central nervous system (CNS) drug delivery remains a major challenge, despite extensive efforts that have been made to develop novel strategies to overcome obstacles. Prodrugs are bioreversible derivatives of drug molecules that must undergo an enzymatic and/or chemical transformation in vivo to release the active parent drug, which subsequently exerts the desired pharmacological effect. In both drug discovery and drug development, prodrugs have become an established tool for improving physicochemical, biopharmaceutical or pharmacokinetic properties of pharmacologically active agents that overcome barriers to a drug's usefulness. This review provides insight into various prodrug strategies explored to date for CNS drug delivery, including lipophilic prodrugs, carrier-and receptor-mediated prodrug delivery systems, and gene-directed enzyme prodrug therapy.
INTRODUCTION
The blood-brain barrier (BBB) presents an efficient structural and functional barrier for the delivery of therapeutic agents to the central nervous system (CNS). Due to its unique properties, passage across the BBB often becomes the main limiting factor for the delivery of potential CNS drugs into the brain parenchyma. In fact, it is estimated that more than 98% of small-molecular weight drugs and practically 100% of large-molecular weight drugs developed for the CNS diseases do not readily cross the BBB (1, 2) . Many of the pharmacologically active drugs tend to fail early in their development phase because these molecules lack the structural features that are essential for passing the BBB (3) .
The BBB segregates the CNS from the systemic circulation, and its main physiological functions include maintaining homeostasis at the brain parenchyma and protecting the brain from potentially harmful chemicals. The BBB is primarily formed from capillary endothelial cells, which differ from the other tissues (4) . The brain capillary endothelial cells are very closely joined together by tight intercellular junctions that efficiently restrict the paracellular diffusion of hydrophilic drugs. In addition, perivascular elements such as pericytes, which partially encircle the endothelium, astrocytic end-foot processes and neuronal cells, are important in the function of the BBB (5-7).
In addition to being a selective structural diffusion barrier, the BBB constitutes an efficient functional barrier for solutes crossing the cell membrane. The high metabolic activity of brain capillary endothelial cells (8) , as well as effective efflux systems that actively remove solutes from brain tissue and return them back to the blood stream (9) (10) (11) , create a great challenge for potential neuro-therapeutics. Furthermore, the BBB expresses a number of specific carriermediated inward transport mechanisms that ensure an adequate nutrient supply for the brain (12) .
Traditionally, various medicinal chemistry-(e.g., lipophilic drug analogs and prodrugs, or disruption of BBB) and physical neurosurgery-based invasive approaches (e.g., interstitial drug delivery) have been attempted to increase brain delivery of therapeutic agents. Increased information and understanding of BBB physiology has led to rational chemistry-and biology-based drug delivery strategies that are presented in Fig. 1 (13) . Novel CNS-targeted neurotherapeutics should possess either the optimal physicochemical characteristics that allow for passive diffusion through the BBB via the transcellular route, or have the structural features necessary to serve as a substrate for one of the endogenous influx transport systems of the BBB (14, 15) . To be able to readily cross the BBB by passive diffusion in pharmacologically significant amounts, a drug should be relatively small (have a molecular weight of less than 500 Da), lipid soluble and, be either neutral or significantly uncharged at physiologically pH, and be capable of forming less than eight H-bonds with water (16) . On the other hand, new knowledge of endogenous BBB transporters can be used in the rational reformulation of drug molecules for active transport. However, it is important to recognize that the degree of BBB drug penetration and resultant CNS concen-trations are relative to the potency of the drug. Although a small amount of the drug may penetrate into the CNS, if it is potent, very small concentrations binding to the receptor will result in the desired effect.
The human brain microvasculature consists of approximately 640 km of capillaries, with a surface area of about 20 m 2 . Every neuron is essentially perfused by its own blood vessels, and these vessels are typically 40 μm apart from each other. A small molecule may diffuse through this 40 μm space in about 1 s, which indicates that after passage across the BBB the drug is almost instantly distributed within the whole cerebral tissue (13) . These physiological facts indicate that the vascular route would be very promising in drug delivery for targeting the brain, if the CNS transport challenge could be solved.
An attractive and rewarding chemistry-based strategy that has been successfully employed to increase the CNS transport of poorly penetrating therapeutic agents is their transient chemical modification by using the prodrug approach.
PRODRUG CONCEPT
The term "prodrug" or "pro-agent" was first introduced in 1958 to describe compounds that undergo biotransformation prior to their therapeutic activity (17) . Prodrugs are described as bioreversible derivatives of drug molecules that must undergo a chemical or enzymatic biotransformation to the active forms within the body, prior to exerting a pharmacological action (Fig. 2) . Release of the active drug is controlled and can occur before, during or after absorption, or at the specific site of action within the body, depending upon the purpose for which prodrug is designed (18, 19) . The major goal in prodrug design is to overcome the various physicochemical, pharmaceutical, biopharmaceutical, and/or pharmacokinetic limitations of parent drug, which otherwise would hinder its clinical use (20) (21) (22) (23) (24) (25) . For example, the prodrug approach may provide an effective tool in solving drug formulation and delivery problems, such as poor aqueous solubility, chemical instability, insufficient oral absorption, rapid presystemic metabolism, inadequate brain penetration, toxicity and local irritation. Prodrug technologies can also be used to improve targeting of drug action. Finally, the development of a prodrug of an existing drug with improved properties may represent a life-cycle management opportunity.
By applying prodrug technology, the clinical usefulness of a drug molecule may be enhanced without modifying the pharmacological activity of a parent drug. However, the design of an appropriate prodrug structure should ideally be considered at the early stages of preclinical development, bearing in mind that prodrugs, while not common, may alter the tissue distribution, efficacy and the toxicity of the parent drug. Moreover, promoieties used should ideally be safe and rapidly excreted from the body. The choice of promoiety should be considered with respect to the disease state, dose, and the duration of therapy. The prodrug approach can be exploited for almost all administration routes and dosage forms, and it can be applied to a wide variety of existing medicines on the market, as well as to novel drug molecules in the lead optimization step early in the drug discovery process (20, 26, 27) . Prodrug approaches are used to improve drug delivery and targeting in the CNS, and utilize passive drug uptake processes into CNS by chemically modifying a drug to become more lipophilic. Such chemical derivatives include, for example, "traditional" lipophilic esters and other lipophilic compounds that release braintrapped intermediates, which are also referred to as chemical delivery systems (CDSs). More sophisticated prodrug approaches comprising endogenous transporters (e.g., carrier-mediated prodrug transport), macromolecular delivery mechanisms (e.g., receptor-mediated prodrug transport) as well as gene-directed enzyme prodrug therapy have also been utilized and will be discussed in this review.
THE ROLE OF INCREASED LIPOPHILICITY IN CNS DELIVERY
A frequent challenge with new drug candidates, in regard to CNS delivery, is the candidates' high polarity. The endothelial cells that line the BBB microvasculature are joined together by highly resistant tight junctions (28) , thus preventing the paracellular passage of polar solutes. In addition, the BBB capillaries allow minimum pinocytosis, thus making transcellular diffusion through the cell membranes the only feasible passive route for entering the CNS. This makes adequate lipophilicity one of the key elements in passive CNS entry. A very simple approach to increase the CNS entry of polar molecules would be the masking of polar functionalities within such compounds. This is sometimes referred to as a lipidization of molecules (16) . In practice, lipidization through lipophilic drug analogues often results in diminished therapeutic effect, due to decreased activity of the analogues or increased toxicity. Lipidization through prodrugs offers a possibility for a more efficient CNS delivery of polar drugs. Prodrugs, being more lipophilic than the parent drug, enter the CNS more readily, and are then converted back to the parent drug within the CNS.
Lipidization Approach
With increased lipophilicity, for example through simple ester prodrugs, one would predict increased CNS access due to the more lipophilic nature of the prodrugs. Indeed, one can usually accomplish better CNS access by using these lipophilic derivatives. However, this highly one-dimensional approach does not usually lead to more feasible therapeutic results (29) . There are only a limited number of really successful examples of improved CNS therapy through plain lipidization of polar molecules. The best known, and from a technological point of view a highly successful example, is the diacetylated form of morphine, heroin (30) . Heroin, being more lipophilic, crosses the BBB about 100-fold better than morphine.
The challenge with CNS delivery is that if one wants to achieve a truly site-specific CNS delivery of a drug, various parameters need to be considered and optimized. The general criteria for site-specific drug delivery through prodrugs can be summarized by the following three criteria; (1) the prodrug must have ready access to the appropriate tissue within the CNS, (2) bioconversion back to the parent drug should be highly siteselective, and (3) the parent drug should exhibit prolonged retention within the target tissue (31) . In the case of chlorambucil, an anticancer agent, more lipophilic prodrugs have been developed in order to gain enhanced anticancer activity through increased brain entry (32, 33) . For example, chlorambucil's tertiary butyl ester enters and remains within the brain with peak concentrations at 15 min and a half-life of 37 min. Further, after chlorambucil and chlorambucil-tertiary butyl ester administration, the brain-to-plasma ratios of the active chlorambucil were recorded to be 0.018 and 0.85, respectively. However, despite increased brain-to-plasma ratios, the chlorambucil prodrugs did not demonstrate superior anticancer activity in disease models when compared to equimolar parent chlorambucil administration.
Lipophilic chlorambucil prodrugs nicely demonstrate that increased lipophilicity through prodrugs does not alone ensure more efficient CNS therapy. Instead, increased lipophilicity, while improving CNS access, also tends to increase uptake in other tissues as well, which can lead to concerns of toxicity. Increased lipophilicity may also increase the plasma protein binding, and invariably increased molecular weight may also hamper the passive transcellular diffusion of a prodrug.
When considering increased lipophilicity through prodrugs as means to increase CNS delivery, the parent molecular properties dictate whether or not the prodrug approach has the basic elements for success. When the parent molecule's CNS entry and exit are similar, it can be estimated that lipidization may improve the CNS delivery of poorly permeable highly polar drugs exhibiting negligible CNS uptake. In such a case, the lipophilic prodrug has improved CNS access and after bioconversion the more hydrophilic parent molecule gets "trapped" in the brain tissue. Here lipophilic ester prodrugs may provide modest advantage in CNS delivery. While many ester prodrugs suffer from unfavorable bioconversion selectivity, since they can be prematurely hydrolyzed both during absorption process and in systemic circulation, any additional parent drug generated from lipophilic ester prodrug, which has entered the brain, may ensure the applicability of the approach in improved CNS drug delivery. In general, the peripheral bioconversion should to be slow enough to avoid excess premature bioconversion, and the CNS bioconversion fast enough to enable therapeutic drug levels within the CNS before prodrug clearance.
Unfortunately, there are only a limited number of optimal candidates for a pure lipidization approach. Various compounds have built-in limitations to begin with; i.e., one major limitation being a substrate for an active efflux mechanism at the BBB. Figure 3 illustrates the challenge when the parent drug is a substrate for an efflux transporter at the BBB. In the case of Prodrug A, an active efflux component combined with a relatively slow bioconversion within the CNS gives only minimum parent drug levels in the CNS. In the case of Prodrug B, however, the relatively fast bioconversion within the CNS enables substantial levels of parent drug within the CNS, despite the active efflux component. Prodrugs may also offer a way to overcome the efflux challenges that are faced by drugs. This is discussed in the chapter "Overcoming efflux transport".
Prodrugs can surely be considered one of the most potentially useful technologies when considering strategies of overcoming the BBB. One just has to appreciate the complexity of the BBB anatomy and physiology, and to be ready for more sophisticated approaches than simple lipidization through prodrugs. At the same time, although not a short-cut to success, increased lipophilicity still remains one of the key aspects that must be taken into an account when developing prodrugs for CNS delivery. With CNS prodrugs, the target tissue bioconversion needs to be both rapid and selective enough to compete with elimination from the target tissue, and also to ensure that the premature bioconversion of the prodrug is low enough. Together with the passive efflux component, one also has to acknowledge the role of active efflux. Therefore, a successful CNS delivery strategy via prodrugs has to be tailor-made for the parent molecule. There are two excellent reviews that discuss the lipophilicity, bioconversion and related issues in more detail (29, 31) .
Chemical Drug Delivery Systems
A successful prodrug approach that utilizes improved lipophilicity and also requires a sequential bioactivation steps for conversion to an active drug and a brain tissue trapped intermediate is often referred in the literature as a chemical drug delivery system (CDS; 34-37). The CDS term was originally coined by Bodor and coworkers to distinguish this approach from prodrugs that typically require only a single activation step. However, many sophisticated prodrugs are nowadays activated in multiple steps.
The principle of CDS, in addition to providing access to the brain by increasing the lipophilicity of a drug, exploits specific properties of the BBB to lock drugs in the brain on arrival and prevent them from re-crossing the BBB. The most studied CDS exploits the linking of an active drug molecule to a bioremovable lipophilic targetor moiety, 1,4-dihydro-N-methylnicotinic acid (dihydrotrigonelline), which results in a derivative that readily distributes throughout the body and brain after administration due to its lipophilic character. Once inside the brain parenchyma, and also everywhere in the body, the lipophilic dihydrotrigonelline is oxidized to form a cationic intermediate (Fig. 4) . The acquisition of charge both accelerates the rate of systemic elimination of this hydrophilic intermediate and captures the ionic drug-targetor inside the brain. Subsequently, slow release of the drug from the targetor can result in a sustained and brain-specific release of free active drug. Furthermore, the targetor is readily removed from the brain by active processes. The CDS has been explored with a wide variety of hydroxy-and amino-containing drugs (35, 36) , and considerably increased brain targeting has been achieved, for example, for zidovudine (AZT) (38, 39) , ganciclovir (40), benzylbenicillin (41, 42) and estradiol (43) .
Among all CDSs, estradiol-CDS (Estredox) is in the most advanced stages of investigation (36) . Estradiol is a lipophilic drug with an octanol/water partition coefficient (log P) of 3.3, and derivatization with the targetor, 1,4-dihydrotrogonelline, further increases lipophilicity (log P=4.5), thus enabling better transport across the BBB. Oxidation of the targetor moiety leads to a more ionic and less lipophilic form, with a log P value of only −0.14, which is retained in the brain. After the slow and sustained hydrolysis of estradiol-CDS, the concentration of estradiol in rat brain was elevated four to five times longer than after estradiol treatment (44) . Moreover, clinical evaluations suggested a potent central effect with only slight elevations in systemic estrogen levels (45) . Estredox is currently undergoing Phase II clinical testing for the treatment of postmenopausal symptoms.
Alternative methods of generating brain-trapped intermediates have also been developed. For example, a cationic thiazolium intermediate formed after disulfide reductionmediated ring-closure (46) , and CNS targeted prodrugs utilizing phosphates (47) , phosphonates (48) (49) (50) , and phosphinates (51) as anionic trapped intermediates have been explored in preclinical studies with varying degrees of success. Psilocin and its phosphate ester psilocybin, both from the Psilocybe species of fungi, provided the first example of this mechanism of oral drug delivery to the brain, once it was identified in the mid-1950s by Sandoz. 
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ENDOGENOUS TRANSPORTERS IN CNS PRODRUG DELIVERY
Recent progress in molecular cloning and functional analysis of transporter genes has greatly contributed to our understanding of membrane transport phenomena (52). The BBB expresses several different transport mechanisms that enable the CNS delivery of compounds that are fundamental to the normal functions of the brain, but are restricted from CNS entry by passive diffusion due to their polar nature. Moreover, these transporters have become a target to drug/ prodrug design in an attempt to ferry drug molecules across the BBB via carrier-mediated transport (15, 53, 54) . Some of the transporters can be expressed on both sides of the barrier, and some of them act only as influx or as efflux transporters. The endogenous BBB transporters can therefore be classified into three categories: carrier-mediated transporters and active efflux transporters, which are responsible for small molecule transport across the BBB, and receptor-mediated transport systems, which are responsible for the brain uptake of large endogenous molecules (55).
Carrier-mediated Transport
Several specific endogenous influx transporters have been identified at the brain capillary endothelium that forms the BBB. These include transporters for nutrients, such as amino acids, glucose and vitamins (12) . As many drug molecules have similar structural properties to endogenous substrates, it is clear that some membrane transporters can take part in drug transport as well (52) . Chemical drug modification in a way that the drug can be recognized by specific transporters, but still maintaining therapeutic efficacy, has proven to be very challenging. One attractive approach is to conjugate an endogenous transporter substrate to the active drug molecule in a bioreversible manner; i.e., to utilize the prodrug approach. The prodrug should be designed in such a way that it is recognized by the specific transporter mechanism at the BBB, and more importantly transported across the BBB to brain tissues, where the release of an active drug from the prodrug should predominantly take place. Here again, the CNS drug delivery via prodrugs can be compromised because of premature systemic bioconversion of the prodrug, although structural requirements for transporter recognition are fulfilled. By using the prodrug approach, BBB penetration properties of a drug molecule can be enhanced without modifying its pharmacological properties (19, 31) .
Large neutral amino acid transporter (LAT1).
This transport system (LAT1) is expressed on the luminal and abluminal membranes of capillary endothelial cells, and efficiently transports neutral L-amino acids (e.g., phenylalanine and leucine) into the brain (56) (57) (58) . Several clinically useful amino acid mimicking drugs, such as gabapentin and melphalan, have been shown to be delivered into the brain predominantly via cerebrovascular LAT1-mediated transport, thus demonstrating the ability of LAT1 to be utilized in drug delivery (59, 60) . It may be no surprise that all of these drugs bear a very close structural resemblance to endogenous LAT1-substrates (Fig. 5) .
The only prodrug that is used clinically for entering the brain predominantly through LAT1-mediated transport is Ldopa. The neurotransmitter dopamine is not able to cross the BBB due to its hydrophilic nature (61) . However, the conversion of dopamine into its α-amino acid, L-dopa, enables the brain to uptake dopamine via LAT1 (62). LDopa is decarboxylated into dopamine by L-amino acid decarboxylase in the brain tissue, and also in the peripheral circulation (63) . Although approximately 95% of L-dopa is metabolized to dopamine in the peripheral tissues, the percentage of remaining L-dopa has been therapeutically enough to apply this approach in clinic practice for more than 30 years (64) . Another example of LAT1 utilizing prodrugs is 4-chlorokynurenine, a prodrug of 7-chlorokynurenic acid (65). 7-Chlorokynurenic acid is an N-methyl-D-aspartate antagonist that crosses the BBB poorly because of its high hydrophilicity. In these examples, the parent drug has a structure that closely resembles that of an amino acid. However, this prodrug approach does not generalize to structurally different molecules. Another approach to utilize LAT1 for BBB transport is to conjugate a small molecular drug with a LAT1 substrate, typically an amino acid. Killian et al. (66) conjugated Lcysteine with the anticancer agent 6-mercaptopurine and a model compound 2-methyl-1-propanethiol. The prodrugs were able to inhibit LAT1 mediated brain uptake of [
14 C]Lleucine using an in situ rat brain perfusion technique, which indicated that the prodrugs are able to bind to LAT1. The amino acid L-tyrosine is a LAT1-substrate that has a phenolic hydroxyl group suitable for the conjugation of various structurally different drug molecules with a biodegradable linkage (67) . In a study by Walker et al. (68) , a phosphoformate L-tyrosine conjugate was able to inhibit the transport of [ 3 H]L-tyrosine in porcine brain microvessel endothelial cells. In another study, p-nitro and pchlorobenzyl ether conjugates of L-tyrosine inhibited the transport of [ 3 H]L-tyrosine in rabbit corneal cell line (69) . These results indicate that L-tyrosine conjugates are able to bind to the LAT1-transporter. However, the ability of these conjugates to cross the cell membrane has not yet been studied. In contrast, an L-tyrosine prodrug of ketoprofen demonstrated significant reversible inhibition in brain uptake of the radiotracer [
14 C]L-leucine in the in situ rat brain perfusion model, indicating that the prodrug binds to the LAT1 (104). More importantly, the prodrug entered the brain with both concentration-dependent and saturable uptake. In addition, the LAT1 inhibitor 2-aminobicyclo-(2, 2, 1)-heptane-2-carboxylic acid (BCH) significantly decreased the brain uptake of the prodrug, further confirming that the drugsubstrate conjugate was not only recognized but also transported across the rat BBB by LAT1.
Glucose transporter (GLUT1). The glucose transporter (GLUT1) is present both on the luminal and the abluminal membrane of the endothelial cells forming the BBB (70) . GLUT1 transports glucose and other hexoses, and has the highest transport capacity of the carrier-mediated transporters present at the BBB being therefore an attractive transporter for prodrug delivery (31) .
Glycosylation strategy has been utilized to increase the uptake of 7-chlorokynurenic acid (71) . The concentration of 7-chlorokynurenic acid and kynurenic acid in the rat brain was determined with microdialysis after systemic injection of 7-chlorokynurenic acid with two glucose conjugates of 7-chlorokynurenic acid. The glycosylation increased the brain uptake of the parent drug, but the mechanism that caused the increased uptake was unfortunately not conclusively demonstrated in that study.
Several studies have been performed with different drug molecules, in order to determine the ability of their glycosyl derivatives to bind to GLUT1 (61, 72) . A glucose-chlorambucil derivative was able to inhibit the uptake of [ 14 C]D-glucose into human erythrocytes (72) . However, in these in vitro uptake studies the prodrug was found to be an inhibitor rather than a substrate of GLUT1. Fernandez et al. (61) synthesized several glycosyl derivatives of dopamine and tested the affinity of the prodrugs to GLUT1 in human erythrocytes. Dopamine was linked to glucose with different linkers at the C-1, C-3 and C-6 positions of glucose (Fig. 6) . The results of glucose uptake inhibition showed that the glucose derivatives that were conjugated at position C-6 had the best affinity for GLUT1. There was also a difference in the affinity between carbamate and succinamate prodrugs, with the carbamate prodrug having a better affinity for the carrier. In an earlier study by Fernandez et al. (73) glycosyl derivatives of dopamine that were conjugated with succinyl linker did not exhibit an ability to induce a recovery of motor activity in mice pretreated with reserpine. This was attributed to slow bioconversion of the prodrugs into dopamine. Bonina et al. (74) synthesized L-dopa and dopamine glycoside prodrugs by conjugating the parent drugs with glucose at the C-3 position and galactose at the C-6 position by a succinyl linker with the aim of overcoming the problem of the low BBB permeability of dopamine. The prodrugs were tested with classic dopaminergic models, morphine induced locomotion in mice and reserpine-induced hypolocomotion in rats. Both of the dopamine glycosidic prodrugs were more active in reversing the reserpine-induced hypolocomotion in rats than L-dopa or the L-dopa prodrugs. In reducing morphine-induced locomotion in mice, the galactose-dopamine conjugate was the most effective and glucosedopamine had the least efficacy of all the tested prodrugs. However, the glucose-L-dopa prodrug was more effective than the galactose-L-dopa prodrug. By conjugating dopamine with glycosides, the pharmacological efficacy was increased but the mechanism of brain uptake remains unclear. In the study by Fernandez et al. (61) , the dopamine-galactose prodrug, conjugated with a succinyl linker, had poor affinity for GLUT1 in human erythrocytes.
Overcoming Efflux Transport
While much attention has been given to the transport of compounds into the brain, transport out of the brain also plays a critical role in efficient drug delivery. There are several different efflux transporters that are present in the BBB and functioning as clearance systems for both metabolic and catabolic compounds produced in the brain (75) (76) (77) . Moreover, these efflux transporters have broad substrate recognition for xenobiotics, which contributes to the restricted BBB permeability and the subsequent distribution of structurally diverse molecules. For example, quinolone antibiotics are effluxed 10-to 100-fold faster from the brain when compared to their influx rate, thus resulting in low brain interstitial concentration (78) . Some examples of substrates and inhibitors of efflux transporters are presented in Table 1 (79) .
The prodrug approach is indeed interesting, but still a very challenging means of overcoming efflux transport of neuro-pharmaceuticals. The important functional groups of drug molecules that afford recognition of the efflux transporter could be, at least in theory, masked with promoieties, and the resulting prodrug, which might not be an efflux candidate, would cross the BBB. However, as indicated above, the efflux transporters have wide substrate specificity, and therefore chemical modification of a drug with the hope of preventing its efflux transporter recognition is very challenging, and more like hit and miss at this time. Thorough SAR studies on structurally related efflux substrates, as in case of P-glycoprotein (Pgp) substrates (BACE inhibitors), may be useful and afford molecules with similar potency but reduced efflux liabilities. (80, 81) The prodrug approach could also enable the efficient brain uptake of drugs while inhibiting the function of efflux transporters. Co-administration of efflux substrate drugs with efflux inhibitors is a well-known strategy for enhanced CNS drug delivery (82, 83) . Several potent and specific Pgp modulators such as elacridar, tariquidar and laniquidar have been tested in the preclinical studies to assess whether concomitant administration of Pgp inhibitors can enhance the brain penetration into the brain. For example, Polli et al. demonstrated a 13-fold increase in the brain concentrations of amprenavir in mice pretreated with elacridar (82) . Moreover, the brain concentration of ketoprofen after administering its lipophilic prodrug was maintained for a significantly longer period following co-administration of the nonspecific efflux inhibitor probenecid (84), compared to ketoprofen alone. An efflux inhibitor could also be conjugated with therapeutic drugs to form a codrug. A codrug consists of two pharmacologically active drugs that are coupled together in a single molecule, so that each drug acts as a promoiety for the other (85, 86) . After degradation of the codrug in the systemic circulation, the efflux inhibitor would enable better brain uptake of the therapeutic drug. The codrug approach has been explored in an effort to improve L-dopa brain delivery with a potent catechol-O-methyltransferase inhibitor, entacapone, as a form of L-dopa-entacapone codrug (86) . However, a drug-efflux inhibitor codrug approach has not yet been pursued to our knowledge. This approach would be applicable to lipophilic drugs that were able to cross the BBB, due to their lipophilicity, but that are also restricted from efficient brain entry by efflux transporters. However, this approach might not be the best option for drugs that are for the treatment of chronic disorders of the brain, as the brain produces compounds that may cause neurodegenerative diseases (87) . These metabolites are cleared from the CNS by efflux systems and the chronic inhibition of these efflux systems might lead to an accumulation of neurotoxins in the brain. In addition, the chronic dosing of efflux inhibitors may possibly upregulate other efflux systems at the BBB as a compensatory mechanism raising further issues associated with clinical use of these inhibitors.
Receptor-mediated Prodrug Delivery
Receptor-mediated drug delivery also takes advantage of the endogenous BBB-transport system, and aims to improve brain uptake by coupling non-transportable therapeutic molecules to a drug-transport vector (88, 89) . The brain capillary endothelium expresses specific transcytosis systems for important circulating nutrients and signalling molecules that ordinarily cannot diffuse through the BBB. For example, One of the most common model vectors for receptormediated transcytosis has been the anti-rat transferrinreceptor antibody OX26 (90) . Since the transferrin receptor is highly expressed on brain capillaries, the binding of the OX26 MAb to this receptor enables an ordinarily nontransportable molecule to penetrate the BBB when coupled to OX26 MAb. To allow different peptide ligands to be released following transcytosis, these peptides were coupled with the vector by a bioreversible disulfide linkage. A biotinylated peptide (i.e., a peptide conjugated with biotin) linked covalently with an OX26-avidin conjugate binds to the BBB transferrin receptor and the peptide-carrier conjugate is transported across the BBB. In brain tissue the disulfide bond between the drug molecule and biotin is cleaved by disulfide reductases and the peptide is released (88) . Applicability of this strategy was demonstrated for the first time in vivo, when a vasoactive intestinal peptide analog produced a significant increase in cerebral blood flow (91).
ANTIBODY-AND GENE-DIRECTED PRODRUG THERAPIES
Most endogenous enzymes have a ubiquitous distribution, which diminishes the possibilities for selective activation and, consequently, the targeting for potential prodrugs in the CNS. More selective prodrug activation in targeted tissues can be achieved by exogenous prodrug bioconverting enzymes that are delivered via monoclonal antibodies or generated from genes encoding an exogenous enzyme. These approaches are referred to as ADEPT (antibody-directed enzyme prodrug therapy) and GDEPT (gene-directed enzyme prodrug therapy; Fig. 7 ), and also known as "suicide gene therapy", because these enzymes are not regenerated for further use (92, 93) . Both are useful means of targeting prodrugs, especially towards various tumors. To our knowledge no examples of ADEPT for the treatment of human brain tumors exist, however numerous GDEPT clinical trials have been conducted in treating for CNS malignancies.
From a number of GDEPT approaches have been described in the past decade (93) (94) (95) (96) , several have been for the treatment of CNS malignancies, such as gliomas (96) . A widely studied example is the bacterial gene cytosine deaminase (CD), which sensitizes tumor cells to the antifungal drug 5-fluorocytosine (5-FC; 94,97). As a result, 5-FC is bioconverted to the anti-cancer drug, 5-fluorouracil (5-FU). The most commonly explored system of this approach in clinical trials is a pioneering effort that centers on inserting a thymine kinase gene into the herpes simplex virus (HSV-TK), which is delivered to tumor cells and followed by combination treatment with the prodrug ganciclovir (GCV). The expressed thymidine kinase enzyme selectively converts GCV to its monophosphate, which is subsequently converted to its active triphosphate form by a series of intracellular reactions. A large 248 patient multicenter phase III clinical trial has demonstrated the ability of this approach of using a retrovirus-mediated gene delivery system for the treatment of glioblastoma multiforme. However, no significant benefit was found when compared to standard therapy (i.e., surgical resection and radiotherapy; 98), which was attributed to low transduction efficiency of the retroviral vector-producing cells (99) . During the past few years, adenoviruses have been considered as viable gene transfer vectors, and some recent clinical trials have demonstrated significant efficacy (96, 100, 101) . Further optimization of gene transfer vectors is essential for improving the clinical effectiveness of GDEPT.
CONCLUSIONS
The worldwide market for prescription neuro-therapeutic drugs will expand at a double-digit pace over the next years to surpass the €28 billion mark by the year 2009. Recent advances in biotechnology and pharmaceutical sciences have greatly expanded the number of drugs that are being developed for the treatment of CNS disorders. However, the BBB presents a major structural and functional barrier for drugs (23, 102, 103) . Since the introduction of L-dopa, over 30 years ago, only a few prodrugs for the treatment of CNS disorders have even reached clinical trials. Those few include estradiol prodrug (Estredox) and prodrugs used in gene-directed enzyme prodrug therapy. However, there is a strong belief to justify the idea that prodrugs hold great potential for CNS drug delivery. A better understanding of molecular biology will certainly provide more insight in the mechanisms of enzymes and endogenous transporters that exist at the BBB. In addition, a better understanding of the multi-dimensional nature of prodrug design, when targeting prodrugs into the CNS, is of crucial importance when developing CNS prodrugs.
